Abstract-Cellular telephone handsets are now being designed to have dual-mode capabilities. In particular, there is a requirement for internal antennas for GSM and DCS1800 systems. This paper describes a novel planar dual-band inverted-F antenna for cellular handsets, which operates at the 0.9-GHz and 1.8-GHz bands. The dual-band antenna has almost the same size as a conventional inverted-F antenna operating at 0.9 GHz and has an isolation between bands of better than 17 dB. The bandwidths of the antenna are close to those required for the above systems. Good dual-band action is also obtained for other frequency ratios in the range of 1.3-2.4. Studies also show that the dual-band antenna can operate with one or two feeds. A finite-difference time-domain analysis has been shown to give calculated results close to those measured.
I. INTRODUCTION
C ELLULAR communication systems have experienced enormous growth over the last decade [1] . In October 1995, Europe totaled some 19 million cellular subscribers. Businesses and consumers find radio communication systems attractive because the user is not restricted by cables and may move anywhere within the coverage area of the system. The demand for the cellular communication systems will grow at an accelerating rate. It is estimated that the annual worldwide wireless industry will exceed $100 billion by the year 2000. To satisfy the rapid growth of mobile telephony, the 1.8-GHz band cellular system (DCS1800) is being used in Europe, in addition to the original 0.9-GHz cellular system (GSM). The dual-band cellular system suggests that there is a need for dual-frequency handset antennas [2] . Two separate antennas could be used, but this is inefficient in terms of space usage. At present, some dual-band handset antennas have been developed based on the extension of wire antennas [3] . These antennas were made to resonate at two frequencies by simply adding another wire to the original antenna. However, there is now much interest in internal antennas, which have the desirable features of robustness and compactness. Some internal handset antennas have now been developed to give small antenna size [4] , [5] , improved bandwidth, and gain [6] - [8] . Work on the effect of head interaction is receiving interest [9] - [12] . Experience has shown that the use of a reflector between the antenna and the head reduces the fields in the vicinity of the head; this effect, combined with a novel T-shaped slot, has recently achieved a reduction of calculated power absorption in the head from 30% (for a dipole) to 6% [13] .
In this paper, we describe a new dual-band internal antenna for mobile handsets [14] . It is based on the inverted-F antenna [15] . It is known that the bandwidth of an inverted-F antenna mounted on a handset is as large as 12% for an optimized case size. The dual-band version has almost the same size as a conventional F-antenna operating at 0.9 GHz and also operates at 1.8 GHz. Parameters of the antenna, including input-return loss, mutual coupling, bandwidth, distribution of electric fields, and radiation pattern, are presented and discussed.
II. ANTENNA GEOMETRY Two configurations of dual-band antennas are possible, having either one or two input ports and the choice is, to some extent, determined by system considerations and handset design. We have examined the dual-band antenna in both configurations. The antenna with two input ports is presented in Sections II-V, while the single-port antenna is described in Section VI. The two-port antenna consists of two separate radiating elements, as shown in Fig. 1 , with the rectangular radiating element for 1.8 GHz and the L-shaped radiating element for 0.9 GHz. The dual-band antenna has almost the same size as a single-band planar inverted-F antenna operating at 0.9 MHz. The two radiating elements were grounded to the case at its corner and fed near the shorting pins using coaxial cable. The antenna impedance can be easily matched to 50 by appropriate choice of feed-pin position. The shorting pins were placed back to back to minimize mutual coupling. The inner conductors of the coaxial feed lines were attached to the radiating elements going through the hole on the telephone case and the outer conductors were connected to the handset case. The conducting metal case, in addition to acting as the antenna ground plane, was also used to simulate the handset. The antenna was mounted on the side of the metal case. Previous studies have shown that side mounting maximizes the antenna bandwidth, as does the optimization of the box size [15] . The antenna connections are at the top of the case, which is where the connections are located on current handsets. In practice, it may be appropriate to mount the antenna the other way up so that the radiating edges are away from the hand, hence, reducing any possible interaction.
The size of a planar inverted-F antenna can be determined approximately from [16] ( 1) where is the velocity of light, and are the width and length of the radiating element, and is the operating frequency.
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III. FDTD ANALYSIS
In this paper, the finite-difference time-domain (FDTD) method has been implemented to allow modeling and simulation of the dual-band antenna. FDTD computation space was divided by a three-dimensional (3-D) rectangular grid with cell size and in the and directions, respectively. For the results that follow, cell sizes were and at 1.8 GHz with the time increment at the Courant limit. The outer boundaries of the FDTD computation space were terminated in secondorder Mur numerical absorbing boundaries to reduce reflection of the scattered fields [17] . The absorbing boundaries were more than 20 cells away from the antenna and conducting case in all directions. Between the outer boundary and the object being modeled, an equivalent surface, which was located more than two cells away from the object, was defined. The electric and magnetic fields on this surface were used to implement a near-to far-field transformation in the frequency domain by utilizing the equivalence principle. All simulations were done in single precision since comparisons with double precision results showed insignificant differences.
Both the antenna and the conducting case are modeled by setting the tangential electric fields to zero. The object to be modeled here consists of a rectangular conducting plate, an L-shaped conducting plate, shorting pins, feed pins, and a rectangular conducting case. The shorting pins and feed pins were modeled by forcing to zero on a single line. The feed points were a one-cell-wide gap with 50-internal impedance located between the feed pins and the case [18] . In this simulation, four cells and three cells in direction were used to simulate the shorting pins and feed pins, respectively. The rectangular conducting plate was modeled by setting the tangential electric field to zero. To model this plate correctly, only electric fields on the rectangular plate, including the electric fields at the edge were set to zero.
A sinusoidal input wave was used to calculate radiation patterns and electromagnetic fields at a single frequency. The FDTD calculations were stepped through time until steady-state conditions were reached. The magnitude of the near field on the equivalent surface was obtained through observing the maximum amplitude of the steady-state wave. Phase was obtained through observing the minimum amplitude.
A Gaussian input pulse was used to calculate the wide-band performance such as impedance and parameters. represents the time constant of the pulse and denotes the pulse center. The Fourier transform was used to transfer time-domain voltage and current to the frequency domain. The complex impedance and the parameters were then found using conventional methods [19] .
IV. EXPERIMENTAL AND CALCULATED RESULTS
The measured and calculated input-return loss as a function of frequency is shown in Fig. 2 , where the two resonances are clearly observed. Agreement between the measured and Fig. 2.) calculated results is good, although null depth is not well predicted. The measured input-return loss of more than 25 dB in both bands has been obtained. The bandwidths for VSWR 2 are 63 MHz (7%) at 0.9 GHz and 110 MHz (6.25%) at 1.76 GHz. It should be emphasized here that the bandwidths of the antenna strongly depend on the size of the conducting case and the antenna position and these have not been optimized.
The coupling between the two antennas is due to fringe-field interaction. The importance of the mutual coupling is hard to judge and will depend on the precise handset transponder configuration. However, low coupling will ensure that less power is lost in the second antenna while the first is radiating and, perhaps more importantly, design is eased as one antenna has little effect on the other. Fig. 3 shows the measured and calculated mutual coupling between the two radiating elements. The measured coupling is less than 17 dB at both resonant frequencies. The measured and calculated mutual coupling is again in good agreement.
The sinusoidal wave input was used to compute the electricfield distributions underneath the antenna, which give insight into antenna operation. In Fig. 4 , the magnitude of the electric field at two resonant frequencies is presented. The results clearly show that is equal to zero in the position of the short pins and considerably larger at the opposite edge. The magnitude of the electric field of the nonresonant element is much lower than that of the resonant one as expected. This again confirms good decoupling between the two separated radiating elements at both frequencies. [20] , are obtained at both frequencies. FDTD was also used to compute the radiation patterns and the results were compared to the measured data. In general, agreement between measurements and computations is good. However, the measured patterns are less well modeled by FDTD for the horizontal polarization. We believe this to be due to measurement difficulties and, in particular, to feed connectors and cables which are not included in the analysis.
V. OTHER PERFORMANCE STUDIES

A. Mutual Coupling
To evaluate the effect of the gap between the two radiating elements on the mutual coupling, the coupling at two resonant frequencies was computed as a function of the gap size. In the following computations, the overall size of the dual-band antenna and the size of the rectangular radiating element are antenna details as in Fig. 2.) as indicated in Fig. 2 . The gap between the antennas was increased by cutting off the inner edges of the L-shaped radiating element adjacent to the rectangular element. Fig. 6 shows that the mutual coupling decreases as the gap increases with close to 30 dB at both frequencies obtainable with a Fig. 6 ; antenna details as in Fig. 2 ; gap size g = 2 mm.) Fig. 9 . Bandwidth of the L-shape radiating element as a function of frequency. (FDTD details as in Fig. 6 ; antenna details as in Fig. 2 ; gap size g = 2 mm.)
10-mm gap. Because the L-shaped antenna is now physically smaller, its bandwidth is reduced. Fig. 7 shows the computed bandwidth of the 0.9 GHz radiating element for an input-return loss of more than 5 dB. The bandwidth decreases substantially as the gap increases, as expected.
The mutual coupling at two resonant frequencies has been computed also as a function of the frequency ratio. In the cell sizes 1x = 1 mm, 1y = 1 mm, 1z = 0:57 mm, calculation volume 100 2 100 2 130 cells; antenna details as in Fig. 12.) computations, the overall size of the dual-band antenna and the gap between the two radiation elements were maintained the same, as shown in the inset to Fig. 8 . The frequency ratio can be continually varied in a range from 1.3 to 2.4 with mutual coupling of less than 17 dB. The mutual coupling is stronger when the resonant frequency of the rectangular radiating element is close to the first two resonant frequencies of the L-shaped radiating element, which are around 0.9 and 2.7 GHz. Again, it is expected that the bandwidth of, in particular, the low-frequency element will be affected. Fig. 9 shows the computed bandwidth of the L-shaped element for an input-return loss of more than 5 dB. The bandwidth increases with the frequency ratio as the volume of the low-frequency element increases.
B. Hand Effects
The dual-band antenna is to be designed for a telephone handset. Therefore, it is necessary to examine the effect of the human hand. Here, the effect on the input-return loss, mutual coupling and gain was measured with the hand in two locations, as shown in Fig. 10 . Results indicate that the hand has little effect on the input-return loss when at the bottom of the handset, but has pronounced effect when the antenna is covered. However, Fig. 11 shows that the hand has little effect on the mutual coupling even if the antenna is covered. The antenna gain is decreased by less than 1 dB at both resonant frequencies when the hand is at the bottom of the handset, and decreased by 5 dB at 0.9 GHz and 0.5 dB at 1.8 GHz when the antenna is covered.
VI. THE DUAL-BAND ANTENNA WITH A SINGLE-INPUT PORT As described above, a dual-band inverted-F antenna has been demonstrated to operate at 0.9 and 1.8 GHz by using two input ports. However, in some applications it is desirable to have a single-input port. Fortunately, the dual-band antenna can also work with a single feed by electrically shorting the two radiating elements using common short pins, as shown in Fig. 12 . To examine the new configuration, an antenna has been fabricated on a substrate with and thickness 1.143 mm, and the input-return loss as a function of frequency was measured. Results indicate that two resonances with frequency ratio of 1.8 are clearly observed and the input-return loss 17 dB at both bands has been obtained. The electric-field distribution underneath the antenna was computed to further examine the effect of the single input on the antenna characteristics. In Fig. 13 , the magnitude of the electric field at the two resonant frequencies is presented. The results show that the magnitude of the electric field of the nonresonant element is three or four times lower than that of the resonant one, which indicates that the one-port antenna also has good decoupling between the two radiating elements.
VII. CONCLUSIONS
A planar dual-band antenna that is mounted on the side of a handset was made to operate at 0.9 and 1.76 GHz. The dualband antenna has almost the same size as a conventional planar inverted-F antenna operating at 0.9 GHz. The bandwidths of the antenna for VSWR 2 are 63 MHz at 0.9 GHz and 110 MHz at 1.76 GHz, which is close to those required for the GSM and DCS 1800 systems. The mutual coupling between the two radiating elements are less than 17 dB at both resonant frequencies. The radiation patterns of the dual-band antenna are approximately omnidirectional at both resonant frequencies. Good performance can be obtained for frequency ratios in the range of 1.3-2.4. The study also shows that the dual-band antenna can operate with one or two feeds.
